Objective: Neurobiology studies are increasingly focused on the dorsal root ganglion (DRG), which plays an important role in neuropathic pain. Existing DRG neuron primary culture methods have considerable limitations, including challenging cell isolation and poor cell yield, which cause difficulty in signaling pathway studies. The present study aimed to establish an integrated primary culture method for DRG neurons. Methods: DRGs were obtained from fetal rats by microdissection, and then dissociated with trypsin. The dissociated neurons were treated with 5-fluorouracil to promote growth of neurons from the isolated cells. Then, reverse transcription polymerase chain reaction and immunofluorescence assays were used to identify and purify DRG neurons. Results: Isolated DRGs were successfully dissociated and showed robust growth as individual DRG neurons in neurobasal medium. Both mRNA and protein assays confirmed that DRG neurons expressed neurofilament-200 and neuron-specific enolase. Conclusions: Highly purified, stable DRG neurons could be easily harvested and grown for extended periods by using this integrated cell isolation and purification method, which may help to elucidate the mechanisms underlying neuropathic pain.
Introduction
In recent years, neurobiology studies have increasingly focused on the dorsal root ganglion (DRG), 1, 2 which contains a diverse subpopulation of primary sensory neurons that are involved in the sensation of back pain and the transmission of nonnoxious somatic sensations. The DRG connects the internal nervous system environment with spinal cord and is responsible for the production and transmission of many kinds of neuropeptides. 3, 4 Many nociceptors are located on the outer membrane of DRG neurons, thus enabling these cells to exhibit sensitivity to diverse stimuli. Moreover, inflammatory factors are known to increase DRG sensitivity and decrease pain threshold. 5, 6 Although primary culture of DRG neurons is important for characterization of the processes in which these cells are involved, existing methods exhibit a variety of limitations, including challenging cell isolation and poor cell yield; these limitations cause difficulty in signaling pathway studies. 7, 8 Many researchers have used cytarabine as an inhibitor of nonneuronal cell division during purification of DRG neurons. 9, 10 Here, we utilized an alternative mitotic inhibitor: 5-fluorouracil (5-FU), a pyrimidine analogue that can be converted into 5-fluoro-2 0 -deoxyuridine-5 0 -monophosphate. This metabolite inhibits thymidylate synthase, thereby suppressing DNA synthesis. 11 Based on the methods used in previous studies, we established an integrated approach for primary culture of DRG neurons, which can be used to isolate neurons with sufficient longevity and purity to meet the needs of molecular cell biology analyses of neuropathic pain and other somesthetic phenomena.
Materials and methods

Primary culture
The Institutional Animal Care and Use Committee of Soochow University approved this study. E18 Sprague-Dawley embryonic rats were anesthetized by induction of hypothermia in an ice bag, then disinfected with 75% ethanol. Rats were decapitated and fixed in the prone position. The spinal cord was removed by severing the spinal canal with microscissors; the exposed DRG (i.e., a white ball between the two spinous processes) was then removed and cleaned under a microscope. Each DRG was then incubated with agitation in 10 mL of 0.25% trypsin (Invitrogen, Carlsbad, CA, USA) in a 15-mL centrifuge tube for 30 minutes at 37 C in an atmosphere of 5% CO 2 . DRG cells were mechanically dissociated by tapping the tube during digestion. The cell suspension was filtered through a 40-mm cell strainer and centrifuged at 300 Â g for 5 minutes at 25 C. The supernatant was then discarded and the cell pellet was washed with Dulbecco's Modified Eagle's Medium (Gibco, Carlsbad, CA, USA) containing 10% fetal calf serum (Gibco). The cells were again centrifuged at 300 Â g for 5 minutes at room temperature and the supernatant was discarded. The cells were suspended in basal medium (neurobasal medium [Gibco] 
Reverse transcription polymerase chain reaction (RT-PCR) analysis
On the 6th day of growth in culture, total RNA was extracted from neurons using the TRIzol reagent (Invitrogen) and quantified by UV spectrophotometry. cDNA was synthesized from total RNA using a cDNA synthesis kit (TakaRa Bio, Kusatsu, Japan), in accordance with the manufacturer's instructions. This cDNA was used to determine mRNA levels of neuron-specific enolase (NSE) and neurofilament-200 (NF200) by RT-PCR. The PCR amplification program was as follows: initial denaturation at 95 C for 5 minutes; 33 cycles of denaturation at 95 C for 30 seconds, annealing at 56 C for 30 seconds, extension at 72 C for 45 seconds; and a final extension step at 72 C for 5 minutes. RT-PCR products were separated in 1.5% agarose gels; then, ethidium bromide-stained bands were visualized under UV illumination. The synthetic oligonucleotide primer sequences for NSE and NF200 were as follows:
(reverse primer) (predicted length: 157 bp); NF200:
(reverse primer) (predicted length: 169 bp).
Fluorescence immunocytochemistry analysis
On the 6th day of growth in culture, neurons were transferred to serum-free medium for 12 h, then identified by immunofluorescence staining. Briefly, 12 mm coverslips (Fisher Scientific, Pittsburgh, PA, USA) were coated with poly-L-lysine under sterile conditions. One hundred milliliter aliquots of DRG neuron suspension (approximately 5 Â 10 3 -1 Â 10 4 cells) were added to each coverslip in four-well plates; the cells were rinsed in 0.1 g/L phosphate-buffered saline (PBS) and then fixed in 40 g/L paraformaldehyde for 20 minutes at 25 C). Cells were washed in PBS 3-4 times, then blocked with 10 g/L bovine serum albumin (Santa Cruz Biotechnology, Dallas, TX, USA) for 1 h. Cells were incubated with mouse anti-NF200 antibody (BM0100, 1:100 dilution; Boster Biological Technology, Pleasanton, CA, USA) overnight at 4 C and washed three times with PBS. Cells were then incubated with fluorescein isothiocyanate-conjugated goat anti-mouse IgG (BA1101, 1:500 dilution; Boster Biological Technology) at room temperature for 1 hour and washed three times with PBS, followed by incubation with rabbit anti-NSE antibody (BA0535, 1:100 dilution; Boster Biological Technology) overnight at 4 C. After cells had been washed three times with PBS, they were stained with allophycocyanin-conjugated goat anti-rabbit IgG (BA1090, 1:500 dilution; Boster Biological Technology) at room temperature for 1 h; cells were then imaged under a fluorescent microscope.
Results
Morphological observations of DRG neurons
Most DRG neuron cells began to adhere to the plates after 12 hours of culture in basal medium. Approximately 2 Â 10 5 DRG neuron cells were obtained from each rat. All DRG neuron cells in each coverslip were counted under the microscope with a hemocytometer; neurons comprised 85.4% AE 1.75% of the cells on day 6. Schwann cells and other non-neuronal cells increased on the 11th day; during the first 10 days, the ratios remained approximately 10% AE 0.98%. Ganglion cells were significantly larger than other types of cells, with a round or oval shape and a circular halo around the somata (Figure 1a) . After 2 days of culture, small synapses appeared around the haloes of the somata and growth cones were observed at the protruding ends. Neurons formed clusters and were surrounded by dendritic protrusions (Figure 1b) . During growth in culture, neuronal dendrites became longer and thicker; neurite networks became more dense and neuronal cell clusters gradually grew larger. On the 7th day of culture, mature cells, which exhibited larger volumes and obvious haloes, were considerably interwoven with neurites ( Figure 1c) . On the 11th day of culture, cells showed gradual degenerative changes, including irregular shape and reduced haloes. Cell debris were present in the somata and protrusions were retracted (Figure 1d ).
Fluorescence immunocytochemistry
On the 6th day of culture, ganglion cells were used for immunofluorescence staining. NF200 and NSE were used as markers of the neurochemical phenotype. NF200 was expressed in both the somata and neurites of cultured cells, similar to NSE. The two proteins showed clear colocalization in ganglion cells (Figure 2 ).
RT-PCR identification of DRG neurons
The predicted lengths of the NSE and NF200 PCR products were 157 bp and 169 bp, respectively. Both PCR products showed bands that closely matched these predicted lengths (Figure 3 ).
Discussion
The DRG arises from neural crest cells and the derivatives of these multipotent stem cells exhibit characteristics of the three classic mesoderm derivatives. 12 There is evidence that neural crest cells exist in the gastrointestinal (GI) tract and skin tissue of adult animals; they can differentiate into tyrosine hydroxylase-positive neurons in the GI tissue of 15-day-old rats, while cells from the epidermis can further differentiate into neurons, glial cells, smooth muscle cells, and melanocytes. In the present study, we successfully isolated DRG neurons and confirmed that they expressed both NF200 and NSE in mRNA and protein forms. Immunocytochemistry demonstrated that most DRG neurons expressed NF200 and NSE in the soma and axon.
Because the DRG typically exhibits low volume, it is difficult to extract under direct vision. In the present study, we used the method described by Banker et al. to prepare ganglia from embryonic rats. 15 DRG can be cultured in vitro from rats of all ages; however, DRG from fetal rats is reportedly easy to prepare and provides high-purity cell cultures through simple fracturing of the soft spine and removal of the spinal cord. 16 This operation should be gentle, as the embryo is fragile at this stage. Synapses spread during the growth process and are generally observed in mature DRG. Notably, there are fewer fibroblasts and Schwann cells in the DRG of embryonic rats, which contributes to the high purity of isolated neurons. In older rats, the ganglia are often tightly connected to the spinal cord and can be difficult to extract. 16 Furthermore, during DRG separation, it is important to expose the spinal cord from the ventral side. In our initial studies, we attempted to extract the spinal cord from the dorsal side, but failed to obtain satisfactory results.
The digestion time and strength of pipetting are also important to consider during the process of DRG preparation. The digestion time should be restricted to 60 minutes. Our findings in this study show that prolonged digestion can cause irreversible damage to DRG neurons, thus reducing the numbers of adherent DRG neuron cells and decreasing their survival time. When cells were poorly separated due to insufficient duration of digestion, we found greater success in dissociating them with a pipette, followed by low-speed centrifugation. Single-cell suspensions were obtained after repeating this step multiple times. Importantly, air bubbles should be avoided when pipetting cell pellets, as cells might be present within the air bubbles and would thus have low contact with liquid during cell culture or digestion. Moreover, bubbles can influence optical density values and may promote the aggregation of microbes.
Here, neurobasal medium supplemented with glucose and B27 was selected to promote the survival and growth of neurons. We also used NGF in this study because it has been reported to effectively promote the survival of fetal rat DRG neurons, promote the growth and extension of neurites, and stimulate the expression of critical proteins. 17 We found that the inclusion of 100 ng/mL NGF in the medium could significantly promote the growth of synapses in DRG neurons and prolong the survival of these neurons.
Mature neuronal cells are highly differentiated cells that rarely proliferate in vitro, while non-neuronal cells continue to proliferate during in vitro culture. The early existence of non-neuronal cells, such as glial cells, can feed and support neurons in vitro. 16 However, non-neuronal cells compete with neurons for nutrients in the late stages of culture, thus inhibiting the growth and survival of neurons. To obtain DRG neurons with sufficient purity for experimental purposes, non-neuronal cells (e.g., Schwann cells and fibroblasts) must be removed. 16 Thus, the purification method is of great importance, as is the selection of appropriate neonatal rats from which to isolate DRGs. The differential adhesion purification method is based on the observation that neurons adhere later than nonneuronal cells. 18 In the present study, we attempted to utilize this method: nonneuronal cells were removed by culturing the cell mixture in uncoated plates for 50 minutes. We found that non-neuronal cells cannot be entirely removed simply by differential adhesion, despite minimal incorporation of non-DRG tissue when collecting samples. Although there were few residual non-neuronal cells, they grew rapidly and threatened the growth of neurons. However, the combination of a differential adhesion purification method and use of anti-mitotic chemical drugs (e.g., cytarabine or 5-FU) has been reported to remove nonneuronal cells. Some researchers have suggested that cytarabine might be toxic to DRG neurons and might inhibit their survival and growth; indeed, cytarabine has been confirmed to exhibit neurotoxicity, decreasing neuronal survival and slowing neurite extension. 9, 10 In the present study, we found that the addition of an optimal concentration of 5-FU-after DRG neurons had been cultured for 48 h-successfully suppressed the growth of non-neural cells by preventing DNA synthesis in those cells, without damaging DRG neurons. The timing of this addition of 5-FU was critical: if it was performed too early (1 day after inoculation), it reduced the neuron yield. In addition, non-neuronal cells proliferated rapidly; thus, late addition of 5-FU (i.e., 6 days after inoculation) could also reduce neuron yield.
This study had potential limitations. Although the limited concentration of 5-FU could inhibit the growth of nonneural cells without damaging DRG neurons over a period of 10 days, prolonged culture may be needed for further neuropathic studies. In addition, although NF200 and NSE antibodies were suitable for confirmation of the identities of DRG neurons, specific non-neuronal markers should be added to further distinguish neurons from fibroblasts, Schwann cells, and satellite glial cells.
Conclusion
In summary, we have demonstrated a novel method to obtain highly purified rat DRG neurons from neonatal rats by microdissection, trypsin digestion, physical separation via pipetting, and addition of 5-FU to serum-free medium; this approach may provide a foundation for further studies of the mechanisms underlying neuropathic pain.
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